Proton therapy for large anteriorly located tumors resulted in acceptable ocular tumor control and survival rates. The risk of blindness and severe toxicity requiring enucleation was low, and a substantial proportion of patients maintained useful vision.
Introduction
Ocular melanoma is an uncommon malignancy affecting mostly Caucasians. The incidence rate is highest in Northern Europe, where it reaches more than 8 per million each year [1] . Enucleation of the affected eye was the standard treatment of choroidal melanoma for most of the last century, but since the 1960s/1970s brachytherapy has been commonly used in small and medium-sized tumors suitable for the technique. In 2002, the results of the randomized Collaborative Ocular Melanoma Study (COMS) demonstrated equal efficacy of episcleral plaque brachytherapy compared to enucleation [2] . At the same time, other eye-sparing radiation techniques such as proton therapy and stereotactic radiotherapy were also established [2] [3] [4] [5] [6] [7] . The advantage of these new treatment options is that the eye is preserved, that useful vision is maintained in some patients, and that there is excellent tumor control and survival in most patients. However, vision loss might be inevitable due to radiation side effects such as radiation retinopathy or intractable neovascular glaucoma (NVG). The size of the tumor, together with the location of the tumor, must be taken into account when the optimal treatment is chosen. Proton therapy is feasible in a larger range of tumors compared to brachytherapy and stereotactic radiotherapy, as both posterior peripapillary tumors as well as anteriorly located tumors can be treated [2-4, 7, 8] . This is particularly in larger tumors and tumors with extrascleral extension where brachytherapy is not recommended [5, 9, 10] . The physical properties of the proton beam, with a low entrance dose, followed by a very high dose to the target area (determined by the Bragg peak), and a subsequent rapid fall-off of the dose to zero distal to the target makes this treatment attractive in organs with small distances to critical structures such as the eye.
Since 1995, the BC Cancer Agency, in conjunction with the University of British Columbia Eye Care Centre and TRIUMF (Tri-University Meson Facility), has been operating the only proton therapy facility in Canada for the treatment of patients with ocular melanomas. Indications for proton therapy include large tumors, tumors with extension into the ciliary body or extrascleral extension, and peripapillary tumors unsuitable for brachytherapy.
We have previously reported our results of proton therapy in posterior peripapillary tumors [11] . This is the first report of the outcome and toxicity of patients with non-peripapillary tumors treated with protons from 1995 to 2013 at TRIUMF in Canada.
Materials and Methods
We conducted a retrospective study of all patients with nonperipapillary melanoma, defined as tumors located more than 2 mm from the optic disc, and treated with proton therapy between 1995 and 2013. Patients with iris melanoma were not included. Patients were referred to ocular oncology services from across Canada, but mainly from ophthalmologists from Western provinces. All patients were seen and examined by a dedicated ophthalmologist specialized in ocular oncology (K.P.). The examinations included slit-lamp examination, visual acuity, intraocular pressure measurements, direct and indirect ophthalmoscopy, fundus photography, fluorescein angiography, optical coherence tomography, once available, and A-and B-mode ultrasound for tumor measurements. Staging investigations included chest radiography, liver enzyme levels, and liver ultrasound to exclude distant metastases. To confirm eligibility, the patients were also assessed by one of two radiation oncologists (T.P. or R.M.) at the BC Cancer Agency.
Baseline patient and tumor characteristics as well as proton treatment details and dosimetric parameters were prospectively recorded in a database at the BC Cancer Agency. Tumor size was recorded initially (T staging), but all patients were restaged retrospectively based on the 2010 American Joint Committee on Cancer (AJCC) TNM classification for uveal melanoma [12] . Based on the tumor size according to T staging, ciliary body invasion, and extrascleral extension, patients were classified into six anatomic stages: Ia, IIa, IIb, IIIa, IIIb, and IIIc ( table 1 ). 
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After treatment, patients were followed up on a regular basis by the ophthalmologist with the purpose of recording ocular recurrence and toxicity, and initiating treatment promptly when required. Patients from other provinces in Canada underwent shared follow-up by the referring ophthalmologist and the ocular oncologist, and written information was sent to the ocular oncologist after each visit. For this report, toxicities, ocular recurrence, and survival were reviewed retrospectively from ophthalmologist charts at the Eye Care Center and the BC Cancer Agency Information System (CAIS) and updated into the database.
Treatment Procedures
We have previously described our treatment procedures in detail [11] .
Briefly, the first step is to implant tantalum clips for planning purposes on the sclera. A three-dimensional reconstruction of the tumor is made based on the clips, and the tumor borders are delineated by the ocular oncologist and verified by the radiation oncologist. Treatment is planned by use of EYEPLAN software, developed originally by Goitein and Miller [13] for dosimetric calculations. A margin of 2.5 mm around the tumor edges is added to the planning target volume, and a brass collimator shaping the treatment beam to the planning target volume is custom-made for each patient. All patients in our study were treated with 4 fractions on 4 consecutive days at the TRIUMF cyclotron facility at the University of British Columbia. From 1995 to 1997, the prescription dose was 60 cobalt gray equivalent (CGE; corresponding to 50 Gy multiplied by the relative biological effectiveness of protons of 1.2 as measured on our beam line [14] ). However, in 1997, the dose was reduced to 54 CGE due to a concerning high rate of secondary glaucoma. In 2001, the dose was changed back to 60 CGE because of a clinical concern of loss of tumor control [11] . The proton beam was given with energies of 70 (early years) to 74 MeV (later years), which provided a depth coverage by the 90% isodose curve of 34.3 mm.
Statistical Analysis
The actuarial method of Kaplan and Meier was used to estimate ocular recurrence, metastasis-free survival, and overall survival rates in the whole group, and according to T classification and anatomic stages defined by the 2010 AJCC uveal melanoma staging system [12] . For the purpose of graphical comprehension, the six anatomic stages are grouped in three: stage I versus stage II versus stage III. Cumulative incidences, at 2, 5 and 10 years, were calculated for the major radiation toxicities, including the rate of enucleation and vision loss.
Univariate Analysis
The χ 2 test was used to compare various categorical variables, and the log-rank test was used for quantitative censored data. p values <0.05 derived from two-sided tests were considered statistically significant. Statistical analyses were performed with SPSS software, version 21.
Results
A total of 173 patients were treated with proton therapy from 1995 to 2013. We excluded 72 patients with peripapillary tumors (already published by Tran et al. [11] ), 15 patients with iris melanoma, 2 patients with conjunctival tumors, 4 patients with recurrent disease after brachytherapy, and 3 patients with hemangioma. Patient and tumor characteristics of the 77 patients that met the inclusion criteria are summarized in table 1 . The median age was 60 years, ranging from 28 to 88 years. The median tumor diameter was 13.6 mm, and the median thickness (height) was 7.1 mm. Most patients (53%) had a tumor located anterior to the equator, and in 27 patients (35%) the ciliary body was involved. Of these 27 patients, 9 patients had a tumor arising in the ciliary body, while 18 had a choroidal tumor with extension into the ciliary body. Concerning other relevant medical history, 36% had hypertension and 8% diabetes. One patient had pretreatment glaucoma.
The median follow-up time was 47 months (0-221). One patient was lost to follow-up immediately after treatment as he lived out of the country, and 5 patients did not complete follow-up as they were from other provinces in Canada. The outcomes are summarized in table 2 .
Overall and Metastasis-Free Survival
The overall survival rate was 77% at 5 years and 63% at 10 years. The cause of death was malignant melanoma in 80% of the cases. The 5-and 10-year metastasis-free survival rate was 72 and 57%, respectively.
The median time from treatment to metastasis was 36 months , and the median time from metastasis to death was 3 months (0-52). In total, 26 patients developed metastasis; in 9 patients metastatic spread occurred more than 5 years after irradiation, and in 3 patients it occurred after more than 10 years. On univariate analysis, four (not independent) factors were found to be associated with an increased rate of metastasis and death: anterior location, ciliary body involvement ( fig. 1 ), high T stage ( fig. 2 a) , and high anatomic stage according to the 2010 AJCC classification ( fig. 2 b) . The difference found regarding T stage was only seen in patients with T4 tumors ( fig. 2 a) , whereas there was no difference between T1, T2, and T3 tumors. In contrast, there was a well-defined separation of the patients according to anatomic stage ( fig. 2 b) .
When tumors with invasion into the ciliary body were removed from the analysis, the anteriorly located tumors still had a significantly worse prognosis compared to the posteriorly located tumors (p = 0.016). When comparing the tumor size in this group, we found significantly bigger dimensions of both the longest diameter and the height in the anteriorly located tumors compared to the posterior group (14.9 vs. 12.9 mm, p = 0.013 and 8.6 vs. 6.4 mm, p = 0.001).
Ocular Control
The actuarial ocular recurrence rate at 5 years was 15% (7 patients), and no ocular recurrences were seen after 5 years. The median time to recurrence was 37 months (13-47). Only 1 recurrence was within the radiation field, whereas 6 were out-of-field recurrences. Four of these were in the choroid, but anatomically distant from the primary tumor, and 2 were extraocular recurrences on the sclera, also distant from the primary tumor site. Three patients had metastatic spread at the same time as ocular recurrence, and 3 had metastasis diagnosed within 2 years of ocular recurrence.
The management of ocular recurrence was enucleation in 2 cases, stereotactic radiation in 1 case, transpupillary thermotherapy in 1 patient, and no treatment in 3 cases (1 patient declined treatment, and 2 patients had rapidly progressing metastatic disease).
Enucleation
In total, 12 patients were enucleated. The 2-year enucleation rate was 4.2%, whereas the rate was 22% after both 5 and 10 years. Two patients were enucleated due to ocular recurrence as mentioned above, and 10 patients (87%) due to toxicity. The median time to enucleation due to toxicity was 35 months (5-125). In 9 out of 10 patients, the reason was NVG causing a blind and painful eye. In 1 patient, an intravitreal hemorrhage caused high pressure and pain and led to enucleation.
Visual Acuity
Out of 77 patients, 75 had a pretreatment visual acuity of counting fingers or better. Conservation of such vision was achieved in 73.2% after 2 years and in 61.4% after 5 and 10 years.
Out of 77 patients, 67 had an initial visual acuity of 20/200 or better. Conservation of such vision was achieved in 56.8% after 2 years and in 37% after 5 and 10 years.
Out of 77 patients, 50 had a good pretreatment vision of 20/50 or better in the tumor-affected eye. Conservation of this vision was observed in 60.4% after 2 years and in 39.5% after 5 and 10 years.
Tumor height was highly predictive for loss of vision on univariate analysis (p = 0.001).
Ocular Complications
The main ocular complications were radiation retinopathy (25%), cataract (54%), rubeosis (45%), and NVG (23%). Medical treatment was initiated, including bevacizumab injections when rubeosis and/or NVG were diagnosed. In half of the 35 patients who developed rubeosis, The risk of developing NVG was very small in tumors with ciliary body invasion, probably due to a very anterior location and lower total volume of retina irradiated (4 vs. 34%, p = 0.003).
On univariate analysis, the volume of retina getting more than 20 Gy was significantly associated with the risk of rubeosis (p < 0.001), the risk of NVG (p = 0.004), and subsequently the risk of visual acuity of less than 20/200 (p = 0.01).
Discussion
This study reports on ocular recurrence rate, survival rates, and toxicity for large non-peripapillary choroidal melanoma treated with proton therapy in Canada between 1995 and 2013. The optimal treatment method for large-sized melanoma remains a subject of debate.
We report a 5-year ocular recurrence-free rate of 85%, which is lower than the rate of 90-97% reported in other studies on proton beam radiotherapy of medium-sized tumors [3, 6, [15] [16] [17] . Also, we found a 5-year metastasisfree survival rate of 72% and an overall survival rate of 77%, which is also lower than the rates of 80-90% reported in the literature [3, 6, [15] [16] [17] . However, our study cohort represented a challenging group compared to other studies due to several parameters. First of all, the median tumor diameter in our study was 13.6 mm, and the median thickness (height) was 7.1 mm. In other centers, where proton beam radiotherapy is used as a first choice for most patients with uveal melanomas [5, 15, 16] , the median thickness is typically lower as both small and large tumors are included. In contrast, centers that use proton beam radiotherapy more selectively, like us, when other eye-sparring methods are considered less likely to be successful, often include a higher number of large bulky tumors unsuitable for brachytherapy [3, 17] . A retrospective study of 78 patients from the Loma Linda University Medical Center included patients with large-sized tumors in their evaluation of proton therapy and found a rate of metastasis-free survival (76%), which is nearly identical to that in our study. A recently published multicenter study validated the AJCC staging system includ- ( table 2 ) . Our patients were deemed unsuitable for brachytherapy, and therefore a direct comparison to the results of the COMS, which explored the efficacy of episcleral brachytherapy, cannot be made. The COMS only included medium-sized tumors defined as tumors with a maximum tumor height of 8 mm and a maximum basal diameter of 16 mm. In our study, 48% of the patients had a tumor height above 8 mm or a basal diameter above 16 mm (COMS size large). Another important factor is that most of our tumors were located anterior to the equator, and 35% had involvement of the ciliary body, which is a well-known predictor of poor prognosis [16, [18] [19] [20] .
Despite the unfavorable parameters, our study demonstrates acceptable outcomes for patients who were deemed unsuitable for other eye-sparing treatments.
The ocular recurrence rate was 15% after 5 years, and no ocular recurrence was seen after 5 years. Only 1 ocular recurrence was within the irradiated field. T stage alone was not a good predictor for ocular recurrence as half the recurrences were found in small T1 or T2 tumors with invasion into the ciliary body, whereas the other half had large tumors with a basal diameter above 16 mm (COMS size large). Instead, the 2010 AJCC anatomic staging [12] , which takes into account both invasion into the ciliary body and extrascleral extension, was found to be better correlated with ocular recurrence and survival. An interesting finding was that all 7 ocular recurrences were found in tumors located anterior to the equator, and no recurrences were found in the 36 patients with a posterior tumor. Similarly, the survival rates were much better in patients with posteriorly located tumors. This was not only explained by the ciliary body involvement of the anteriorly located tumors but was probably also caused by a larger tumor size in the anterior group. Other authors have shown that posterior tumors involving the optic nerve or macula region carry a better prognosis than anteriorly located tumors, which may remain asymptomatic for a longer period of time, can be difficult to detect, and therefore often present in more advanced stages [19, 21] .
Out of 7 patients, 6 (86%) with ocular recurrences developed liver metastasis and died. This rate is high compared to other studies [3, 6, [15] [16] [17] , but again, it might be explained by the large tumor size in our cohort and the high fraction with ciliary body involvement. This underscores the importance of initial local control, and the question is whether patients with large anteriorly located tumors and/or invasion into the ciliary body should be enucleated upfront, or whether the metastatic risk is determined earlier in the disease course. One could speculate that these tumors may have an aggressive tumor biology (by histology or tumor genetics) at the time of diagnosis or that the high blood flow through the ciliary body necessary for muscle contraction and accommodation might induce a higher risk of dissemination. Unfortunately, biologic tumor features associated with aggressiveness such as chromosomal alterations and gene expression profiles could not be investigated in this study, as tumor tissue was not available in the early cohort patients [19, 20] . It has recently been shown that analysis of the genetic status of the tumor together with the AJCC staging provided additional information on survival [22] . It is possible that high-risk patients could benefit from other treatment options or a combination of treatment modalities as for example systemic therapy including targeted agents and/or enucleation upfront, and this should be further investigated in future studies [23] .
Finally, useful vision is important for patients, and in our study we found a gratifyingly high proportion of patients that maintained their vision after treatment. This could be explained by the fact that many were located anteriorly where a higher volume of the retina could be avoided, and we found that the risk of rubeosis, NVG, and blindness were highly associated with the volume of the retina getting more than 20 Gy.
However, our study has limitations as it is a retrospective study with a limited number of patients, and therefore more detailed statistics could not be performed. Furthermore, patients were selected to this study based on a number of patient and tumor characteristics and ultimately the physician judgement.
In conclusion, proton therapy leads to acceptable survival and ocular recurrence rates in patients with large anteriorly located tumors, and radiation complications can be reduced by careful follow-up and vision maintained in a substantial proportion of patients.
